Both activities are performed by the viral RNA-dependent RNA polymerase that is composed of three subunits: PA, PB1 and PB2 and recent studies have shown that it requires host-cell factors to transcribe and replicate the viral genome. To identify these cellular partners, we generated a comprehensive physical interaction map between each polymerase subunit and the host cellular proteome. 109 human interactors were identified by yeast two-hybrid screens, whereas 90 were retrieved by literature mining. We built the FluPol interactome network composed of the influenza polymerase (PA, PB1, PB2) and the nucleoprotein NP and 234 human proteins that are connected through 279 viral-cellular protein interactions.
Introduction
Influenza A virus is responsible for annual epidemics of respiratory disease and reoccurring pandemics, and represents a worldwide important public health problem. Its genome is composed of eight single-stranded negative polarity RNA segments (vRNA). They are individually encapsidated by nucleoprotein (NP) and the RNA-dependent RNA polymerase (RdRP), forming a ribonucleoprotein complex (vRNP) (reviewed in 38). Each vRNA behaves as an independent template for transcription and replication that are both taking place in the nucleus of infected cells. The virus RNA polymerase is a heterotrimer composed by PA, PB1 and PB2. PB1 is the core subunit of the complex and contains the polymerase activity, while PB2 recognizes capped cellular mRNA (38) and PA possesses an endonuclease activity (12).
After viral decapsidation, vRNPs are transported into the nucleus where they are engaged in primary transcription. This is initiated by cap snatching of cellular pre-mRNA: the PB2 subunit recognizes capped mRNAs while the PA subunit cleaves them 10-15 nt downstream of the cap, generating cap-containing primers for virus mRNA synthesis (28). Viral mRNAs are then translated by cytoplasmic ribosomes, allowing newly synthesized components of the viral polymerase and NP to accumulate in the nucleus. It has recently been proposed that the nuclear accumulation of newly synthesized viral proteins could be responsible for the switch from viral transcription to replication (56) . For the genome replication, untranslated sequences at the 5'-and the 3'-end of each genomic vRNA segment act as promoter elements that are recognized by the viral polymerase. vRNA segments are copied into complementary positive-strand RNA (cRNA), which are encapsidated by NP and serve as templates for de Only a few cellular partners have been previously described in literature, but recent studies identified several influenza polymerase interactors using proteomic approaches (23, 33).
Moreover, a global survey of influenza virus host-cell partners was established using the yeast two-hybrid technology (51) . A series of functional genome-wide siRNA screenings were also conducted for the identification of host factors involved in influenza replication (5, 18, 24, 27, 51 , and reviewed in 58). We present here a more specific analysis that is focused on the RdRP cellular interactors. We reconstructed a global influenza polymerase physical interaction map by performing yeast two-hybrid screens with each subunit as bait, and by retrieving proteinprotein interactions from literature. Through this interaction network, we identified cellular functions specifically targeted by the viral polymerase. We selected nine functionally relevant host-cell partners, which interactions with the viral proteins were validated in human cells.
We show that these cellular factors affect both the viral polymerase activity and the virus replication using functional assays: eight of them are required for virus replication and polymerase activity. Conversely, PRKRA acts as an antiviral factor since virus replication and polymerase activity are enhanced when its expression is depleted. enrichment analysis, we generated 50 different clusters of 93 randomly chosen Y2H interactors (representing 85% of the 109 Y2H interactors) + all the literature cellular partners.
For each cluster, we performed a GO analysis using BiNGO. We considered as positive the over-represented classes that were scored positive for all the 50 clusters. 9 functional categories were selected and the class-members were colorized within the FluPol network using GOlorize. Note that we did not change the network layout after the GOlorize analysis.
FluPol network visualization
We used Cytoscape Web API for visualizing and manipulating the FluPol network graph, allowing a dynamic network display (http://flupol.lyon.inserm.fr, 31). All the interaction data can be exported through this web page.
Bi-functional Fluorescence Complementation assay
A/WSN/33 PA, PB1 and PB2 were cloned into Polyc vector, where they are fused upstream of the C-term moiety of YFP. Cellular partners genes were amplified from the human cDNA Y2H libraries then in vitro cloned into pDONR207 as viral ORFs (see above), or were retrieved from hORFeome collection (48) . They were then cloned by recombination in pGWEN, in fusion downstream of the N-term moiety of Venus (modified YFP, 26). HEK-293T cells were cotransfected using JetPei (Polyplus) with each combination of plasmid pair in a 96-well plate. 48h after transfection, cells were resuspended in 100 µl PBS and YFP signal was measured using a FACSArray (BD). The percentage of fluorescent cells was measured (mean of three independent experiments) and interaction was considered as positive when more than 5 % of cells were fluorescent, according to results obtained with negative controls.
Flow-cytometry protein interaction assay (FCPI assay)
The FCPI assay was set up using two couples of interacting proteins (see Supplementary Results and discussion
Building of an influenza virus polymerase cellular interactome network
We generated a comprehensive protein-protein interaction network between the viral influenza A virus polymerase (FluPol) and its host-cell partners using the yeast two-hybrid system (Y2H). For this purpose, human cDNA libraries were screened with the RdRP subunits and NP from different virus strains (H1N1, H3N2 and H5N1). PB2 fragments that were isolated by the ESPRIT technology and whom structures were defined were also screened individually (17, 54, 55, 60) . Human cDNA libraries from three different tissues (spleen, fetal brain and respiratory epithelium) were used, covering a wide range of the human proteome as well as a tissue that is specifically targeted by the influenza A virus. Altogether, we discovered 112 viral-human protein interactions involving 109 human proteins, including Table 5 ). We identified eighteen new connections through these validation assays, by performing an array where the cellular proteins were a priori tested against different viral baits (in blue in Table 1 ). It is of note that we did not validated the interactions identified in Y2H for three cell partners but discovered interactions with different viral proteins (EIF3S6IP, FANCG and ZCCHC17). 29 of the 34 Y2H interactors subset tested were validated, giving a false-positive rate of 15%, which is in accordance to previous studies (9).
Most of the cellular proteins interact with one FluPol subunit (17 of the 29 validated), like
C14orf166 that only interacts with PA, or EEF1A1 with PB1. We also observed that a few host cell partners interact both with PB1 and PB2 (5 cellular proteins: CES1, CHAF1A, DDX54, MNAT1, NMI). PCNA and PSMA7 interact with the FluPol subunits (PA, PB1, PB2), whereas EEF1D interacts with all the vRNP protein constituents.
We also retrieved virus-host protein interactions from literature, and added them to the VirHostNet knowledge base (37) . In total, 26 interactions were identified involving 23 human proteins (all the papers describing individual interactions can be retrieved using supplementary Only 250 interactions were discovered using both libraries, thus representing 5.5 % overlap. 
Functional enrichment of the influenza polymerase interactome.
To visualize which cellular functions are targeted by the viral polymerase, the enrichment of H Flu for Gene Ontology (GO) terms corresponding to "biological processes" was determined by using the BiNGO plugin in Cytoscape (1, 16, 32, 50) . It is biased, since not all human
proteins have yet been annotated (in our data set, 208 of the 234 H Flu possess a GO "biological process" annotation), but it remains a powerful way to incorporate conventional biology to systems-level datasets. We took into account the false-positive rate obtained during the validation of the Y2H interactors and performed 50 tests by removing randomly 15% of the Y2H cellular partners. We retained only GO terms that were significantly enriched in all these 50 tests. Figure 3B ). Conversely, PRKRA appeared to have potent antiviral activity, as its inhibition by siRNA increased the virus replication 3.5 times as compared to the control scrambled siRNA. As control, we showed that tested siRNA had no side effects on cell survival as assessed by a resazurin assay ( Figure   3C ).
We speculated that these cellular proteins specifically regulate the viral polymerase activity.
This was tested in a minigenome replicon assay either by overexpressing (by transient transfection of a plasmid) or by depleting (using directed siRNA) each cellular partner gene. . This interaction inhibits the transcription elongation and leads to the degradation of POLR2A (6, 47) . We noticed in a very recent paper that influenza polymerase interacts with the P-TEFb complex (CDK9/Cyclin T1), which phosphorylates the PolII CTD at the onset of transcription elongation (61) . This further connects the influenza polymerase complex to the RNA PolII at the beginning of the transcription elongation, i.e. when cellular pre-mRNA are capped (reviewed in 8). We have shown that the POLR2A CTD specifically and directly interacts with PA: the clones isolated in Y2H all correspond to the POLR2A CTD and in the FCPI assay, it interacted only with PA (and not with NP, PB1 or PB2, Table 1 ). In biochemical fractionation experiments, the actively transcribing PolII form, as well as many proteins involved in cellular transcription and RNA processing, are associated to an insoluble nuclear fraction, the nuclear matrix (36).
HEK-293T cells were cotransfected with vectors encoding the
Interestingly, newly synthesized viral RNA and components of the vRNP complex have been found associated with this nuclear matrix in influenza virus infected cells, and protein interactions identified in this study probably participate in this process (14, 21). C14orf166  CES1  CHAF1A  COPS5  DDX5  DDX54  DNAJB1  DNAJB13  DNAJB5  EEF1A1  EEF1D  EIF3S6IP  FANCG  GLUL  MNAT1  MT2A  MVP  N-PAC  NCOA7  NMI  NOMO2  NUP54  PCBP1  PCNA  POLR2A  POLR3F  PRKRA  PSMA7  SMURF2  TAF6  ZCCHC17  ZNF251  ZNF74  KPNA1  NS1  eGFP/   a   Gwen/   b Green: interaction found in Y2H and validated in either BiFC or FCPIA
Yellow: interaction that was tested either in BiFC or FCPIA but was negative.
Blue: novel interaction detected in either BiFC or FCPIA.
a: the peGFP-empty vector was used as negative control in FCPIA. 
